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ABSTRACT 
A study of the preparat ive  var iab les  in the synthes i s  of 
ceramics  based on B i203-Er2  O- 3 sol id so lu t ions  has 
shown that the best resu l ts  are obta ined  wi th  a coprec i -  
p i ta t lon  method.  Cr i t i ca l  parameters  in the synthes i s  
are found to be i) wet mi l l ing  of the preca lc ined  powder  
w i th  an appropr ia te  l iqu id  and ii) ca lc in ing  and s in ter -  
ing temperatures .  Wi th  the proposed  method it is poss ib le  
to produce monophas lc ,  contaminat ion  free, dense and mac- 
h ineab le  ceramics  su i tab le  for p rac t i ca l  app l i ca t ions .  
MATERIALS  INDEX : bismuth, erbium, oxides 
INTRODUCTION 
Stab i l i sed  ~ - b i smuth  oxide based systems form a new 
generat ion  of compounds  capab le  of improved  per fo rmance  in oxygen 
pump and oxygen sensor  app l i ca t ions  compared  to the convent iona l  
s tab i l i sed  z i rcon ia  based mater ia l s .  The high temperature  
i somorph  of b i smuth  oxide,  the ~ phase, is an exce l lent  oxygen 
ion  conductor  ( I ) .  Th i s  phase  can be s tab i l i sed  to room 
temperature  by the presence  of severa l  rare earth  cat ions  (2-7). 
Of the var ious  sol id so lu t ions  studied,  e rb ium ox ide s tab i l i sed  
b i smuth  ox ide has the h ighest  repor ted  ionic  conduct iv i ty  (6,8).  
The so l id  so lu t ions  between b i smuth  oxide and erb ium oxide are 
author  for cor respondance .  
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stable in the range of 17.5 to 40.0 mole percent  of e rb ium oxide 
(6,8). F rom this point of v iew,  it is essent ia l  to opt imise  the 
preparat ive  var iab les  in the synthes is  of b i smuth  erb ium oxide 
sol id so lu t ions  to y ie ld  dense,  monophas lc ,  and mach lneab le  
mater ia l s  for use in p ract i ca l  app l i ca t ions .  This paper  presents  
the e f fo r ts  under taken  to produce  such mater ia l s  and cons is ts  of 
two parts .  The f irst  part dea ls  wi th  the aspects  of synthes is  and 
the second part w i th  the deta i l s  of the s t ruc tura l  and mechan ica l  
p roper t ies  of the mater ia l s .  Main ly ,  coprec ip i ta t ion  has been 
chosen for the preparat ion  of the compounds .  For the sake of 
compar i son ,  samples  have also been prepared  by a sol id state 
react ion  between the ind iv idua l  ox ides.  As wi l l  be shown in part 
II of this paper (9) the method  descr ibed  here y ie lds  mater ia l s  
w i th  super io r  mechan ica l  p roper t ies .  
EXPERIMENTAL  
The compos i t ion  that has been tr ied out as representat ive  is 
(B i~0~)0 .75  - (E r203)0 .25  , hencefor th  ind icated  as BE25. The 
met~o~ is, however ,  s tandard  for the ent i re  range of sol id 
so lu t ions .  The exper imenta l  deta i l s  are g iven below. 
i. The coprec ip i ta t ion  method.  
B i smuth  and erb ium are coprec ip i ta ted  as hydrox ides  f rom a 
so lu t ion  of n i t ra tes .  F i rs t ,  the requ i red  amounts  of the pure 
ox ides  B i203 (99.99%) and Er .O 3 (99.999%) were separate ly  
d i sso lved  In concent ra ted  n i t r ic  acid. These so lu t ions  were 
mixed and then d i lu ted  to a concent ra t ion  of 0.5 g/ml.  The 
hydrox ides  were coprec ip l ta ted  by add ing s imu l taneous ly ,  with 
constant  s t i r r ing ,  the mixed n i t ra te  so lu t ion  and 4 M ammonia  
so lu t ion  to a buf fer  of 0.I M ammonia  so lu t ion  ( 70 ml/g of the 
oxide ) at 325 K and at pH around 9. H igher  temperatures  seemed 
to promote  the fo rmat ion  of separate  carbonates .  Lower  pH 
resu l ted  in the separat ion  of hydrox ide  layers .  The prec ip i ta te  
was washed w i th  water  and oven dr ied at 375 K. Wash ing  the 
coprec ip i ta te  wi th  propano l -2  to remove water  in order  to 
suppress  agg lomerate  fo rmat ion  was not su i tab le  as d i scussed  
later.  
A f ter  p re f l r lng  at an appropr ia te  temperature ,  the powders  
were sub jec ted  to a mi l l ing  process  for 2 hours  in a sa te l l i te  
type mi l l ing  apparatus .  M i l l i ng  vesse ls  of agate or z i rcon la  were 
used. Dry mi l l ing  and mi l l ing  wi th  water ,  e thano l ,  acetone or 
p ropano l -2  were  appl ied.  The mi l led  products  were compacted  af ter  
d ry ing  in the form of cy l inders  of 16 to 25 mm d ia~eter  and I0 to 
20 mm length  by i sos ta t l c  p ress ing  at 4000 kg/cm-.  The compacts  
were s ln tered  in air at temperatures  between 1035 and 1125 K for 
16 hours.  The heat ing  and coo l ing  rates were 0.8 K /min .  The 
c i rcumference  of the s in tered  cy l inder  was dr i l l ed  off us ing a 
bronze coated tubu lar  g lass  dr i l l  to remove any contaminated  
layers .  The cy l inder  was then s l iced into c i rcu la r  d iscs  of the 
requ i red  th ickness  us ing  a h igh speed d iamond cutter .  The d iscs  
were po l i shed  and f ina l ly  annea led  at I000 K for 12 hours  to 
re l ieve any s t resses  deve loped  dur ing  shaping and po l i sh ing .  
Vol. 22, No. 12 BISMUTH OXIDE ]637 
i i. Ma l i c  ac id  and So l id  s ta te  react ion  method 
The mal i c  ac id  method is an adaptat ion  of the c i t ra te  method 
used  for the preparat ion  of s tab i l i sed  z i rcon ia  repor ted  ear l ie r  
( i0) .  In th i s  method,  to a so lu t ion  of b i smuth  and erb ium 
n i t ra tes ,  ma l i c  ac id  was added in the s to ich iometr i c  ra t io  
requ i red  to conver t  the n i t ra tes  to ma la tes .  The so lu t ion  was 
then  heated  to dryness .  Fur ther  heat ing  a f te r  d ry ing  resu l ted  in 
pyro lys i s  of the mixture .  The products  were  t reated  as ment ioned  
in the prev ious  sect ion .  
In the case  of the so l id  s ta te  react ion  method,  s tandard  
ceramic  procedures  were  used  to prepare  so l id  so lu t ions  s tar t ing  
f rom pure  ox ides .  
RESULTS AND DISCUSSION 
A TGA record ing  of a f resh  coprec ip i ta te  is shown in f ig~ i. 
There  is a cont inuous  we ight  loss  up to about  775 K, due  to loss  
of f ree  and bound water  f rom the hydrox ides .  The to ta l  we ight  
loss  is about  9% aga ins t  the expected  loss  of 11% for a BE25 
hydrox ide .  Th is  is p robab ly  because  b ismuth  is par t ly  p resent  as 
an oxyhydrox ide ,  B iOOH,  bes ides  B i (OH)  
3" 
The DTA curves  of the samples  are shown in f ig .2 .  A f resh ly  
coprec ip i ta ted  sample  shows  ( f ig .  2a),  in add i t ion  to the loss  of 
water  ( f ig .  1) two endothermic  peaks  at 882 and 999 K. There  ~ s 
no we ight  loss  assoc ia ted  w i th  these  peaks  and there fore  they  
must  cor respond to some i somorph ic  t rans format ions .  In the normal  
t ime sca les  they  do not  seem to be revers ib le  as these  
t rans format ions  do not  appear  in the coo l ing  cyc le  (a l so  f igs .  2b 
& 2c). When the sample  was  heated  at 900 K for  160 hours  the 
he ight  of the peak  at 999 K was dras t i ca l ly  reduced ( f ig.  2d) 
ind icat ing  that  the  t rans format ion  can  occur  at lower  
temperatures  by pro longed heat ing .  In add i t ion  a new peak  was 
observed  at 923 K. The  s ign i f i cance  of th i s  w i l l  be d i scussed  in 
par t  II of th i s  paper  (9).  The mixed  ox ide  precursors  of the 
so l id  s ta te  react ion  method a l so  showed a peak  at 999 K ( f ig .  2e) 
as expected  f rom the above  observat ions .  The powders  obta ined  
f rom the mal i c  ac id  method d id  not show any  changes  dur ing  the 
DTA run.  Th is  p robab ly  s tems f rom the fact  that  the decompos i t ion  
of the compound fo rmed w i th  mal i c  ac id  i s  s t rong ly  exothermic  
wh ich  resu l t s  in h igh  loca l  temperatures .  Consequent ly  the 
mater ia l  has  a l ready  passed  through the above  ment ioned  phase  
t rans i t ion .  
To unders tand  the changes  observed  in the thermal  ana lyses ,  
samples  were  heated  i so thermal ly  to the  temperatures  of 
t rans format ion  and  then  character i sed  us ing  X - ray  powder  
d i f f rac t ion  A sample  heated  to i010 K is monophas ic  w i th  the 
cub ic  f luor i te  phase  hav ing  a ce l l  parameter  of 0 .54838 nm. A 
sample  heated  to 900 K conta ined  a mixture  of BE25 phases ,  one of 
them be ing  cub ic .  The poor  c rys ta l l in i ty  of the sample  prevented  
determinat ion  of the exact  nature  of the o ther  phase ,  wh ich  
probab ly  has a te t ragona l  symmetry .  When the sample  was  heated  at 
900 K for  160 hours  it conta ined  on ly  the cub ic  phase  w i th  a ce l l  
1638 
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FIG. 1 
Thermogravimetric analysis of BE25 
coprecipitate. 
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FIG. 2 
DTA curves of BE25 samples; A. Fresh 
coprecipitate, B. A Heated at 900 K for 4 hrs, 
C. A Heated at 1010 K for 4 hrs, D. C Heated at 
900 K for 160 hrs, E. Mixture of oxides 
Vol.  22, No. 12 B ISMUTH OXIDE 1639 
parameter  of 0 .54832 nm. These  observat ions ,  coup led  w i th  the 
ear l ie r  ones  on thermal  ana lyses  lead  to the  fo l low ing  
conc lus ions .  The  peak  at 882 K cor responds  to the react ion  
between ox ides  for  the fo rmat ion  of the so l id  so lu t ion .  Th is  
imp l ies  that  the  hydrox ides  decompose  f i r s t  to y ie ld  
homogeneous ly  mixed  react ive  ox ides  and the react ion  takes  p lace  
subsequent ly .  The peak  at 999 K cor responds  to the complete  
t rans format ion  of BE25 in to  the cub ic  phase .  The dynamic  heat ing  
procedure  in DTA s imu la tes  the shor t  heat ing  of four  hours  at 
900 K and hence  the peak  at 99!) K is observed .  It seems there fore  
that  the t rans format ion  to the cub ic  phase  is k inet i ca l l y  a s low 
process  at lower  temperatures  and is complete  at 999 K. Th is  
ind icates  that  the sample  prepared  by eoprec ip i ta t ion  f i r s t  
undergoes  a react ion  to y ie ld  a mix ture  of so l id  so lu t ion  phases  
wh ich  t rans form fur ther  to the monophas ic  cub ic  mater ia l .  In the 
case of the mal i c  ac id  and so l id  s tate  react ion  methods  these  ~wo 
s tages  cou ld  not be observed .  The main  fact  wh ich  emerges  fcom 
these  observat ions  is that  the ca lc inat ion  has to be car r ied  out 
above  999 K to avo id  t rans format ions  dur ing  f ina l  s in ter ing  wh ich  
wou ld  produce  mater ia l s  hav ing  in fe r io r  mechan ica l  p roper t ies .  
Wash ing  the coprec ip i ta te  w i th  the commonly  used propano[ -2  
was  observed  to produce  an organ ic  complex  wh ich  decomposed  
exothermal ly  on subsequent  heat ing ,  resu l t ing  in less  react ive  
powders  for  s in ter ing .  The  d imin ished  s in ter  react iv i ty  is 
p robab ly  caused  by agg lomerate  fo rmat ion  dur ing  the exethermic  
react ion .  Th is  has  not  p rev ious ly  been  descr ibed  in the  
l i te ra ture  
The coprec ip i ta tes  were  ca lc ined  at i010 K and subsequent ly  
mi l led  to b reak  up agg lomerates  fo rmed dur ing  ca lc inat ion .  
In i t ia l l y ,  mi l l i ng  was car r ied  out in agate  pots  and th is  
resu l ted  in samples  w i th  poor  mechan ica l  p roper t ies .  F ig.  3 shows  
a SEM photograph  of such  a sample  and shows  mass ive  s i l i ca  
contaminat ion .  Incorporat ion  of s i l i ca  leads  to s i l l en i te  type 
s t ruc tures  wh ich  ext rac ts  la rge  amounts  of b i smuth ,  fo rming  
compos i t ions  of the  type  B i l2S iO_  0. Th is  a l te rs  the  
b i smuth /erb ium s to ich iometry  and destab i~fses  the so l id  so lu t ion .  
P resence  of s i l i ca  is cons idered  to be one of the causes  for  the 
poor  mechan ica l  p roper t ies  of the samples .  The prob lem of s i l i ca  
contaminat ion  has been  overcome by subsequent ly  us ing  z i rcon ia  
mi l l ing  pots .  
M i l l i ng  w i th  acetone  was  a lways  observed  to g ive  a green  
co loured  powder  compared  to the s ta r t ing  ye l low co lour  of the 
pre f i red  powder .  T ransmiss ion  In f ra red  spect ra  in KBr  of var ious  
mi l led  samples  are shown in f ig.  4. The samples  mi l led  w i th  
e thano l ,  p ropano l -2  or water  do not show any s ign i f i cant  
absorpt ion  bands ,  but  the sample  mi l led  w i th  acetone  shows  a 
spect rum s imi la r  to that  of a secondary  a lcoho l  (11).  It is 
p robab le  that  acetone  reacts  w i th  the cub ic  b i smuth  erb ium ox ide  
fo rming  a bonded secondary  a lcoho l  type complex .  Th is  react ion  
probab ly  occurs  due to the h igh  sur face  ac t ive  nature  of ~he 
cub ic  b i smuth  erb ium ox ide  phase .  
The  dens i t ies  of the samples  a f te r  s in ter ing  were  in the 
order  of 98% of the theoret i ca l  dens i t ies .  Dens i t ies  of samples  
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FIG. 3 
SEM photograph  of s i l ica contaminat ion  in BE25. 
t -  
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FIG. 4 
In f ra red  spect ra  of BE25 samples  after  mi l l ing  
with, A. water ,  B. P ropano l -2 ,  C. E thano l  
D. Acetone  
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obta ine~ a f te r  mi l l ing  w i th  acetone  were  la rger  than  99 .5% 
whereas  a l l  o ther  methods  inc lud ing  so l id  s ta te  react ion  or the 
mal i c  ac id  method and invo lv ing  mi l l ing  w i th  o ther  so lvents  l i ke  
water ,  e thano l  or p ropano l -2  at best  y ie lded  dens i t ies  in the 
order  of 98%.  The  complex  fo rmed w i th  acetone  seems to produce  a 
more  s in ter  react ive  powder .  The  deta i l s  of the resu l t s  obta ined  
a f te r  each  method are summar ised  in tab le  i. F rom th is  it is 
TABLE I 
Summary  of p roper t ies  of samples  obta ined  by d i f fe rent  methods  
Method  Mi l l ing  S in ter  temp-  Dens i ty  Gra ins i ze  
med ium erature  (K) (%) (~) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Coprec -  Acetone  
ip i ta t ion  ,, 
method  Water  
, , P ropano l -2  
,, E thano l  
~d Dry 
So~:L Acetone  
s ta te  method Others  
~,, Dry  
Ma l l c  ac id  Acetone  
method Dry  
1125 99.5 15 
1035 98.2  04 
1125 97.0  -- 
1125 98.5 15 
1125 97.0  15 
1125 86.0  --  
1125 98.5 50 
1125 96 .0  50 
1125 84.0  --  
1125 99.0  25 
1125 87 .0  -- 
c lear  that  the coprec ip i ta t ion  method incorporat ing  a wet  mi l l ing  
s tep  w i th  acetone  produces  samples  super io r  to those  obta ined  
f rom the o ther  methods ,  hav ing  h igher  pack ing  dens i t ies  and 
smal le r  g ra in  s i zes .  A SEM photograph of such  a spec imen is shown 
in f ig  5. The  impor tance  of a wet mi l l ing  s tep  w i th  acetone  is 
obv ious  f rom the resu l t s .  In add i t ion  the micros t ructures  wh ich  
resu l t  f rom s in ter ing  a powder  mi l led  w i th  acetone ,  has  a very  
s ign i f i cant  e f fec t  on the mechan ica l  p roper t ies  of the f ina l  
mater ia l .  Th is  w i l l  be shown in par t  II of th i s  paper (9) .  F ig .6  
shows; a photograph of BE25 shaped to the requ i red  s i zes  and 
geometr ies  for  invest igat ions  of these  mater ia l s  for oxygen 
sensor  and oxygen pump app l i ca t ions .  
CONCLUSIONS 
I. Coprec ip i ta t ion  of b i smuth  and erb ium as hydrox ides  prov ides  
an exce l lent  way  of p roduc ing  a homogeneous  s tar t ing  mater ia l  for 
the synthes is  of b i smuth  erb ium ceramics .  Care fu l  cont ro l  of pH, 
temperature  and wash ing  procedure  dur ing  coprec ip i ta t ion  is 
c r i t i ca l  for  obta in ing  thorough ly  mixed  and eas i ly  f i l te rab le  
prec ip i ta tes .  
2. A ca lc in ing  temperature  of at leas t  1010 K is essent ia l  for a 
su i tab le  mater ia l  for  s in ter ing ,  as at th is  temperature  the 
mater ia l  is complete ly  monophas ic  and in the requ i red  s ta te .  
Ca lc in ing  be low th is  temperature  resu l t s  in undes i red  phase  
t rans i t ions  dur ing  subsequent  s in ter ing .  A min imum s in ter ing  
temperature  of 1035 K is recommended.  The two temperatures  are 
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FIG. 5 
SEM photograph of a f in i shed  BE25 sample.  
FIG. 6 
Photograph of f ina l ly  shaped products .  
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close to each other  ind icat ing  the easy s in terab i l i ty  of these 
compounds .  
3. These compounds  are eas i ly  contaminated  by s i l ica and even 
p la t inum and hence contact  wi th  these mater ia l s  dur ing  the 
heat ing  should be avo ided.  S i l ica forms compounds  of the type 
B i .^S iO~^ with b ismuth,  ext rac t ing  large amounts  of b ismuth.  This  
Z z 
a f fec ts  ~he local  b i smuth  erb ium s to ich iometry  and destab i l i ses  
the sol id so lut ion.  S i l i ca  contaminated  samples  have there fore  
been observed  to show poor mechan ica l  p roper t ies  (9). 
4 Wet mi l l ing  of the ca lc ined  powder  wi th  acetone before 
s in ter ing  resu l ts  in super io r  qua l i ty  of the f in ished product ,  
p robab ly  by forming a complex  on the powder  sur face and this 
y ie lds  f ina l  compact  dens i t ies  g reater  than  99 .5% a f te r  
s in ter ing .  No such complex  fo rmat ion  has been observed with  other  
mi l l ing  media.  
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